Rationale: We previously identified two acute respiratory distress syndrome (ARDS) subphenotypes in two separate randomized controlled trials with differential response to positive end-expiratory pressure.
The acute respiratory distress syndrome (ARDS) is a common and frequently fatal clinical condition characterized by disruption of the alveolar-capillary barrier with the formation of noncardiogenic, protein-rich pulmonary edema (1) . Unfortunately, despite decades of research, treatment is limited to supportive care, such as low tidal-volume mechanical ventilation (2) . In part, this failure to identify effective pharmacotherapies may be a result of the clinical and biologic heterogeneity within ARDS.
We recently identified two distinct ARDS subphenotypes in two independent studies (3) . We used the statistical approach of mixture modeling, specifically latent class analysis (LCA), which uses multiple "class-defining" variables to estimate the optimal number of subclasses that best fit a sample. For those analyses, we used data from two randomized controlled trials (RCTs), ARMA and ALVEOLI (Assessment of Low tidal Volume and elevated Endexpiratory volume to Obviate Lung Injury) (2, 4) . Remarkably, these separate datadriven analyses identified two very similar subphenotypes in each trial. Subphenotype 2 was associated with increased levels of inflammatory biomarkers, acidosis, and shock and was present in similar frequency in both ARMA and ALVEOLI. Importantly, although there was no overall mortality benefit to either positive endexpiratory pressure strategy in the primary analysis of the ALVEOLI trial, higher positive end-expiratory pressure was beneficial in one subphenotype and harmful in the other (3, 4) . This statistically significant qualitative interaction between subphenotype and treatment, in which the treatment responses of the two subphenotypes are in opposite directions, suggests differing underlying pathophysiologic mechanisms.
The current analysis was designed to further our understanding of ARDS pathogenesis and subphenotypes. We hypothesized that ARDS subphenotypes would be present in a third, more recent independent cohort, the NHLBI ARDS Network's FACTT (Fluid and Catheter Treatment Trial), as they were in our prior analyses of the ARMA and ALVEOLI trials. We also hypothesized that these two subphenotypes would respond differently to randomly assigned fluid therapy. In our previous analysis, subphenotype 2 was characterized by higher levels of inflammatory cytokines and higher levels of both intercellular adhesion molecule-1 and von Willebrand factor, markers of endothelial cell injury (5, 6) . Therefore, given that subphenotype 2 had evidence of more baseline inflammation and endothelial cell injury, features that would favor more extravascular fluid accumulation, we hypothesized a priori that subphenotype 2 would have higher mortality and fewer ventilator-free days in response to a liberal fluid strategy. In addition, with the goal of defining a clinically applicable model for subphenotype identification at the bedside, we tested the optimal number and composition of variables that could be used to identify subphenotypes in FACTT (the largest of the three cohorts) and then validated this model in ARMA and ALVEOLI. Some of the results of these studies have been previously reported in the form of an abstract (7).
Methods

Patient Population
Patients for this secondary analysis were drawn from FACTT. Full details of the trial have been published (8, 9) . Briefly, FACTT enrolled 1,000 patients with ARDS between 2000 and 2005. Patients were eligible if they met ARDS criteria within 48 hours before enrollment. The trial randomized subjects in a two-by-two factorial design; one arm compared conservative versus liberal fluid management, whereas the other arm compared monitoring patients with ARDS with a pulmonary artery versus central venous catheter. Clinical data and biologic samples for this analysis were obtained on study enrollment, before randomization. There was no difference in 60-day mortality with either intervention (8, 9) . Patients assigned to the fluid-conservative group had significantly more ventilator-free days (8) .
Latent Class Analysis
To estimate the optimal number of classes that best fit the FACTT cohort, we used LCA in a similar statistical approach as in our previous study (10, 11) . Further detail on LCA can be found in the online supplement. We used similar baseline clinical and biomarker variables that were collected before treatment initiation (3) . Clinical outcomes were not included. A full list of variables is available in the online supplement.
In our prior study, eight plasma biomarkers were incorporated into the latent class models; most of these biomarkers contributed substantially to distinguishing the two subphenotypes (3). We therefore included these biomarkers in the current analysis. Four biomarkers were measured previously for other studies (IL-6, IL-8, surfactant protein D, and von Willebrand factor) (12, 13) ; the other four were measured for this analysis (intercellular adhesion molecule-1, protein C, soluble tumor necrosis factor receptor-1 [sTNFr1], and plasminogen activator inhibitor 1). We also included two previously measured ARDS biomarkers, angiopoietin-2 (Ang-2) and the receptor for advanced glycation end-products (RAGE), which were not available for our prior study (12, 13) . All measurements for this analysis were conducted using ELISA. Additional assay details are available in the online supplement.
Variables were examined for their distributional properties, and continuous variables with marked skew were logtransformed. Race was collapsed into white/other because of a limited number of nonwhite patients. To estimate the model parameters, the continuous variables were placed on a z scale with a mean of zero and SD of one. We used Mplus (version 7.4; Los Angeles, CA) to fit models with latent classes ranging from one to five classes. As in our previous study, to determine the best-fitting model, where the different models are defined by the number of classes, we used several indicators: (1) (3) . We also examined entropy (indicating class separation) and the average probability of class assignment.
Once the number of classes was established, we used Student's t tests, Pearson chi-square, or Wilcoxon rank sum to test for differences among classes. We analyzed the association between class assignment and clinical outcomes (60-d mortality, 90-d mortality, and ventilator-free days). To test for a differential effect of treatment on clinical outcomes based on class assignment, we used a logistic regression model incorporating an interaction term for the product of class assignment and mortality; a negative-binomial regression model was used for the outcome of ventilator-free days. To assess if any differential effect of treatment was caused by severity of illness, we used logistic regression incorporating an interaction term for the product of the Acute Physiology and Chronic Health Evaluation III score and treatment.
We also performed a post hoc analysis comparing baseline hemodynamic measurements from central venous or pulmonary artery catheters between subphenotypes. These variables were not included in the LCA because they are not routinely measured in other ARDS studies, and their contribution to subphenotype classification would be difficult to validate outside of FACTT.
Subphenotype Classification Model
We next tested how well a smaller number of variables derived from FACTT could identify subphenotypes. We tested models with up to five variables, chosen because they contributed most significantly to class assignment in FACTT as identified using forward stepwise modeling. We also tested a model that only incorporated the topperforming variables available in routine clinical practice. Subjects were excluded if they did not have all of the variables incorporated in the classifier models. We tested the performance characteristics of these models using ARMA and ALVEOLI as validation cohorts because we had previously developed latent class models in these cohorts to use as a gold standard (3). 
Results
A Two-Class Model Best Describes the Patients with ARDS Enrolled in FACTT
We began by fitting latent class models ranging from one to five classes. The Bayesian Information Criteria decreased as the number of classes increased, suggesting that the addition of subsequent classes may be adding additional information to the model (Table 1) . Entropy in all models was greater than 0.80, indicating strong separation between the classes. Using the Vuong-Lo-Mendell-Rubin test, a two-class model was a significant improvement over a one-class model (P , 0.0001); additional classes did not provide a statistically significant improvement. We retained a final two-class model based on these results. The two-class model estimated 727 subjects in class 1 and 273 subjects in class 2. The average latent class probabilities were 0.97 for class 1 and 0.93 for class 2, indicating robust probability of class assignment. These findings were similar to our previous analysis (3). For subsequent analyses, subjects were assigned to their most likely class. Because of the high average latent class probabilities of class assignment, there is minimal loss of information in this approach. We subsequently refer to class 1 and 2 as subphenotypes 1 and 2, as in our previous analysis (3).
ARDS Subphenotypes Have Distinct Characteristics and Clinical Outcomes
The baseline clinical and biologic characteristics of the two subphenotypes were similar to our prior work (see Table   E1 in the online supplement) (3). Subphenotype 2 had higher levels of IL-8, IL-6, and sTNFr1, but lower serum bicarbonate and protein C (Figure 1 ; see Table E2 ). Subphenotype 2 also had higher plasma levels of Ang-2 and RAGE, which were newly incorporated into this analysis. There was no significant difference in sex distribution between the subphenotypes (P = 0.38) (Figure 2) . Subphenotype 1 had a higher proportion of white patients (66 vs. 58%; P = 0.02) ( Figure 2 ). As in our prior analyses, patients in subphenotype 2 more frequently required vasopressors at study enrollment (68% vs. 20%; P , 0.0001) (Figure 2) . Consistent with our prior work, there was a significant difference in primary ARDS risk factor by subphenotype (P , 0.0001) (3). As in our prior studies, a greater proportion of subjects in subphenotype 2 had sepsis as their primary ARDS risk factor than in subphenotype 1 (see Figure E1) ; however, subjects with sepsis as their primary ARDS risk factor were equally likely to be assigned to either subphenotype (49% subphenotype 1; 51% subphenotype 2). Subjects with trauma, aspiration, or pneumonia as their primary risk factors were more likely to be assigned to subphenotype 1 (Figure 3 ; see Figure E1 ). Subjects in subphenotype 2 had a higher central venous pressure (12.7 vs. 11.7 mm Hg; P = 0.005) and lower central venous oxygen saturation (71.4 vs. 73.5%; P = 0.04) ( Table 2) , although these differences are likely of limited clinical significance.
Subjects assigned to subphenotype 2 had significantly higher 60-day mortality (44% vs. 21%; P , 0.0001), higher 90-day mortality (45% vs. 22%; P , 0.0001), and fewer ventilator-free days (8.8 vs. 15; P , 0.0001) (Table 3) , compared with those assigned to subphenotype 1. These findings were similar to our prior work (3).
ARDS Subphenotypes Respond Differentially to Fluid Management Strategy but Not Catheter Type
We next assessed if the two subphenotypes responded differentially to randomized fluid management strategy. Our analysis identified a significant interaction between subphenotype and treatment strategy for 90-day mortality (P = 0.0039) ( Table 4) . Patients assigned to subphenotype 1 had a 90-day mortality of 26% when randomized to the fluid-conservative strategy, versus 18% when randomized to the fluid-liberal group. In contrast, patients assigned to subphenotype 2 had a 40% mortality when randomized to a fluid-conservative strategy, versus 50% in the fluid-liberal group. A similar interaction was found for 60-day mortality (P = 0.0093). There was no significant interaction between subphenotype and fluid-management strategy for ventilator-free days (P = 0.35). Figure 2 . Categorical variables by subphenotype. There was no significant difference in sex distribution between the two subphenotypes (P = 0.38). Subphenotype 1 had a higher proportion of white patients (P = 0.02). Subphenotype 2 more frequently required vasopressors at study enrollment (P , 0.0001). Chi-squared analyses were performed for all comparisons.
There was no significant interaction between subphenotype and catheter type for 60-or 90-day mortality or for ventilator-free days (see Table E3 ). In addition, there was no significant interaction between Acute Physiology and Chronic Health Evaluation III score and fluid-management strategy for 60-or 90-day mortality (P = 0.42 and 0.25, respectively).
A Three-Variable Model Can Accurately Identify ARDS Subphenotype
Using forward stepwise modeling, the five variables that contributed most to subphenotype assignment in FACTT (in order of contribution) were IL-8, serum bicarbonate, sTNFr1, vasopressor use, and total minute ventilation. We then measured the accuracy of models using the top three to five of these variables for subphenotype identification in the three patient cohorts ( Table 5 ). The gold standard for subphenotype was assignment by LCA (3). The top three variable model had an area under the receiver operating characteristic curve (AUC) of 0.95 in FACTT, 0.94 in ARMA, and 0.91 in ALVEOLI. Using the Youden index, the optimal sensitivity and specificity of the three-variable model derived from FACTT were 87% and 93%, respectively. This three-variable model identified subphenotype 1 with greater accuracy as compared with subphenotype 2 in all three cohorts (see Tables E4-E6 ). There was no consistent improvement in AUC with a four-or five-variable model ( Table 5 ). The parameter estimates for the three-variable model are listed in Table 6 .
Because IL-8 and sTNFr1 are not available in routine clinical care, we also tested the accuracy of a model that only incorporates clinically available variables to accurately identify subphenotype. In order of contribution, the clinical variables that contributed most to subphenotype identification in FACTT were bicarbonate, vasopressor use, creatinine, total minute ventilation, heart rate, primary ARDS risk factor, and systolic blood pressure. This clinical variables-only model had an AUC of 0.93 in FACTT. Using the Youden index, the optimal sensitivity and specificity of this model were both 84%. When this model was applied to the validation cohorts, it had AUCs of 0.75 and 0.80 in ARMA and ALVEOLI, respectively.
To further evaluate the utility of the three-variable model, we used logistic regression to determine whether we could detect the interaction between treatment and subphenotype as identified using this model (n = 859). Although the same direction of differential treatment effect was observed in this analysis, the interaction was not statistically significant (see Table  E7 ). We performed exploratory analyses to assess for differences in mortality, severity of illness, demographics, or other variables that contributed to class separation between those subjects with missing versus complete data. Subjects excluded from this analysis by virtue of missing data were more likely to be nonwhite than those with complete data (P = 0.049) and have higher protein C (P = 0.01) and arterial carbon dioxide levels (P = 0.009) (see Table E8 ).
Discussion
We have now identified two ARDS subphenotypes in three separate clinical trials, with remarkable similarity in their characteristics and outcomes across these trials (3). We discovered a qualitative interaction for mortality between ARDS subphenotype as defined by LCA and fluidmanagement strategy, in which a fluid- Although the subphenotypes had many similarities to those described in our prior analysis, we identified two notable differences. First, Ang-2 and RAGE, which were not available in our previous study, provide additional information about the underlying biology that distinguishes the two subphenotypes (3). Ang-2 is a biomarker and mediator of endothelial cell injury, whereas RAGE has been implicated as a marker of lung epithelial cell injury and inflammation (12, (14) (15) (16) . Both plasma Ang-2 and RAGE levels were higher in subjects assigned to subphenotype 2, suggesting a higher degree of baseline endothelial and lung epithelial cell injury in these patients. Of note, a sensitivity analysis excluding Ang-2 and RAGE from the LCA models did not substantively alter the results (data not shown). Second, baseline creatinine was higher in subphenotype 2 compared with subphenotype 1 in the current analysis, whereas it did not contribute notably to class separation in ARMA or ALVEOLI (3). This difference may have been caused by differences in time to enrollment from ARDS development (36 h in ARMA and ALVEOLI vs. 48 h in FACTT) (8) .
The original FACTT analysis did not find a mortality difference between subjects randomized to a fluid-liberal versus a fluidconservative approach, although those subjects randomized to fluid-conservative therapy had more ventilator-free days (8) .
As a result, a fluid-conservative approach has been recommended for all patients with ARDS once shock has resolved (17) . Our findings, however, suggest that there may be heterogeneity of treatment effects of fluid-management strategy in ARDS (18) . Subjects in subphenotype 2 had lower mortality when randomized to a conservative strategy, whereas subjects in subphenotype 1 had higher mortality when randomized to the same approach. The mechanisms underlying this difference remain speculative. The higher Ang-2 levels in subphenotype 2 may reflect more endothelial permeability and predilection for extravascular fluid accumulation that responds favorably to fluid restriction, whereas fluid restriction in subphenotype 1 may lead to decreased intravascular volume, oxygen delivery, and perfusion.
Although patients in subphenotype 2 had fewer ventilator-free days than those in subphenotype 1, there was not a significant interaction between fluid-management strategy and subphenotype for this outcome, in contrast to the analyses of mortality. This discrepancy suggests that the interaction between subphenotype and fluid-strategy on mortality may be driven by the extrapulmonary manifestations of the patient's underlying illness. There was not a clinically meaningful difference in baseline central venous pressure or cardiac index between subphenotypes, suggesting that the differential response to fluid management is probably not caused by differences in baseline hemodynamics.
We have concluded that we are observing similar subphenotypes across ARMA, ALVEOLI, and FACTT for a few reasons. First, a two-class model best fit the data in all three cohorts; these two subphenotypes have remarkably similar prevalence across the cohorts, and similar natural histories and clinical outcomes. Although a major purpose of this study was to apply LCA to a third independent cohort to determine if this data-driven approach would identify similar subphenotypes in the FACTT trial that were identified in ARMA and ALVEOLI, future analyses are necessary to determine if these subphenotypes have differing underlying pathophysiologic mechanisms leading to lung injury and ARDS. Furthermore, studies that incorporate additional clinical variables or plasma biomarkers in new populations of patients with ARDS may reveal that the hypoinflammatory or the hyperinflammatory groups encompass more than one subphenotype. Thus, this process of studying and measuring biologic markers and clinical factors to identify subphenotypes in ARDS is not just validation, but also discovery oriented, and may provide more insights into the pathogenesis of ARDS subphenotypes in future studies.
This study has several strengths. We used data from a trial of 1,000 patients, which represents a large sample size for ARDS clinical trials. In addition, FACTT was a RCT, which strengthens the ability to make causal inferences about differences between treatment groups. We also included measurements of 10 biomarkers associated with the pathogenesis and prognosis of ARDS, many of which were critical in separating the two subphenotypes.
This study also has important limitations. First, it is a secondary analysis and requires prospective validation before definitive conclusions regarding therapy can be drawn. Likewise, although the statistical test for interaction identifies that the two subphenotypes respond in opposite and significantly different directions to fluid management strategy, it does not specify whether the effect within either subphenotype is statistically significant. To prospectively test if subphenotypes respond differentially to randomized therapies, we first need to be able to identify these subjects at the bedside. This approach will likely require the development of rapid point-ofcare biomarker assays, and then validation of a clinically feasible model to assign subphenotypes based on these biomarker assays. Second, it remains unknown if these subphenotypes exist outside RCTs in a more diverse population of critically ill patients. Testing for ARDS subphenotypes in more heterogeneous, non-RCT samples is an important future direction of this line of research.
Third, these analyses apply to variables obtained on study enrollment. Further research is needed to determine if these subphenotypes remain stable later in the course of ARDS. Finally, although a threevariable model had good accuracy in identifying subphenotypes in three separate study cohorts, when subphenotype was defined by the three-variable model rather than the full LCA, we were no longer able to detect the statistically significant differential response to fluid management by subphenotype. This difference is likely caused by missing data leading to decreased power to detect an interaction, and the modest amount of misclassification using the three-variable model; in addition, the excluded subjects with missing data may be different from subjects who were included with complete data, as suggested by the Table E8 (i.e., informative missingness). Unfortunately, LCA on its own cannot be used at the bedside to classify patients for clinical trials, so additional work is needed to further refine classification models to optimize their performance before clinical application. In summary, this analysis supports the presence of two distinct subphenotypes of ARDS. Replication in three separate cohorts, along with the finding that these latent class-defined subphenotypes respond differentially to two randomly assigned treatments strongly supports the possibility that different pathophysiologic processes underlie class assignment (3) . To advance the understanding of ARDS subphenotypes, a better understanding of the biologic mechanisms leading to ARDS in each subgroup is needed. Clinical application will require real-time assignment of ARDS subphenotype using a limited number of variables, a goal that requires the development of rapid biomarker assays and additional study of the optimal classifier variables. If it is possible to prospectively enroll patients in clinical trials by ARDS subphenotype, it may be possible to develop more targeted therapeutics for ARDS. n Author disclosures are available with the text of this article at www.atsjournals.org.
